In recent years, the designation of lone atrial fibrillation (AF) has been expressed in various ways and is thought to be a different or benign type of AF. [1] [2] [3] [4] Lone AF generally applies to young individuals (below 60 years of age) without clinical or echocardiographic evidence of cardiopulmonary disease. 4 Currently, there is no uniform definition in use because intensive research has shown many conditions that may trigger AF. It is common that patients with lone AF have a better prognosis with respect to mortality and thromboembolism. However, as the disease progresses and the potential development of cardiac comorbidities rises, patients can move out of the so-called lone AF category over time and the risks of thromboembolism and mortality increase. 5 Atrial remodeling is a well-described phenomenon in AF. Tachycardia-induced electrical remodeling reduces atrial refractoriness and conduction in the left atrium (LA). 6 Over time this results in alterations of the structural components of the LA, creating a favorable substrate for sustaining AF. [7] [8] [9] Although structural remodeling has been shown to induce an arrhythmogenic substrate, recent evidence indicates patients remote from the arrhythmia also have physiologically abnormal atria, signifying the importance of diseased atria on arrhythmia initiation and maintenance. 10 However, noninvasive assessment of the underlying substrate in patients with lone AF is lacking.
Delayed-enhancement magnetic resonance imaging (DE-MRI) is an established method of characterizing cardiac tissue in a variety of disease processes. [11] [12] [13] Recently, DEDrs. Kholmovski and Marrouche are partially supported by grants from the SurgiVision Corporation. Address reprint requests and correspondence: Dr. Nassir F. Marrouche, CARMA Center, Cardiac Electrophysiology Laboratories, Division of Cardiology, University of Utah Health Sciences Center, 30 North 1900 East, Room 4A100, Salt Lake City, Utah 84132-2400. E-mail address: Nassir.Marrouche@hsc.utah.edu. (Received May 4, 2010; accepted June 27, 2010.) MRI has emerged as an effective method to noninvasively assess and quantify the extent of LA structural remodeling (SRM). The extent of LA fibrosis assessed by high-resolution DE-MRI has been introduced as an independent predictor of radiofrequency (RF) ablation failure.
14 These findings imply that patients with less atrial remodeling might have a better benefit from therapeutic intervention. Although patients with AF often have acceptable overall outcomes after ablation, there remains a significant portion of this cohort who experience AF recurrence. Therefore, in our study we examine the LA SRM with DE-MRI in patients with lone AF and compare them with non-lone AF patients to better understand the underlying substrate in these patients. Moreover, we examine how lone AF and non-lone AF patients with varying degrees of fibrosis respond to RF ablation.
Methods

Study population
This study is comprised of 376 consecutive patients who underwent DE-MRI at the electrophysiology-MRI lab at the University of Utah between December 2006 and November 2009. Of these patients, 11 patients had prior catheter ablation and were excluded. Thirty-two patients were excluded due to poor-quality MRI characterized as blurring from patient motion, incorrect inversion time, and/or significant gating artifacts. Thus, 333 patients were eligible for the final analysis.
The study patients were a part of the AF database approved by our institutional review board and were Health Insurance Portability and Accountability Act compliant. Lone AF was defined in patients who were age 60 years and younger; who had an absence of structural heart disease based on patient history, physical examination, and imaging tests including chest x-ray and echocardiography; and did not have history of coronary artery disease, diabetes mellitus, or hypertension. The baseline AF type was categorized as paroxysmal, persistent, or long-lasting persistent AF as defined by the American College of Cardiology/American Heart Association/European Society of Cardiology guidelines. 5 Forty of the total patient cohort of 333 complied with lone-AF defining criteria and were included in the final analysis (see Table 1 for patient demographics). Two hundred and ninety-three patients with cardiac comorbidities, i.e., hypertension, coronary artery disease, mitral valve regurgitation, diabetes mellitus, etc., were categorized as nonlone AF patients in this study. The demographics of the non-lone AF patients are listed in Table 2 .
DE-MRI
DE-MRI was obtained to assess for the extent of LA fibrosis or nonviable tissue using methods previously described. 14 Briefly, studies were performed on a 1.5-T Avanto clinical scanner 15 Ϯ 35 days prior to ablation (Siemens Medical Solutions, Erlangen, Germany) using a TIM (Total Imaging Matrix) phased-array receiver coil. In all patients, there was only 1 DE-MRI examination performed at our institute prior to ablation. The scan was acquired 15 minutes after contrast agent injection (0.1 mmol/kg, Mulithance [Bracco Diagnostic Inc., Princeton, NJ]) using a 3-dimensional inversion recovery, respiration navigated, electrocardiogram (ECG)-gated, gradient echo pulse sequence. Typical acquisition parameters were: free breathing using navigator gating, a transverse imaging volume with voxel size 1.25 ϫ 1.25 ϫ 2.5 mm (reconstructed to 0.625 ϫ 0.625 ϫ 1.25 mm), repetition time/TE ϭ 5.4/2.3 ms, inversion time (TI) ϭ 270 to 310 ms; GRAPPA (Gene-Ralized Autocalibrating Partially Parallel Acquisition) with R ϭ 2 and 46 reference lines. ECG gating was used to acquire a small subset of phase-encoding views during the diastolic phase of the LA cardiac cycle. The time interval between the R-peak of the ECG and the start of data acquisition was defined using the cine images of the LA. Fat saturation was used to suppress fat signal. The TE of the scan (2.3 ms) was chosen such that 
CABG ϭ coronary artery bypass graft; CAD ϭ coronary artery disease; CHF ϭ congestive heart failure; CMP ϭ cardiomyopathy; MI ϭ myocardial infarction; MVR ϭ mitral valve regurgitation.
Continuous measurements are presented as mean Ϯ SD. Categorical measurements are presented as number positive for the condition and percentage of the total.
fat and water are out of phase and the signal intensity of partial volume fat-tissue voxels was reduced, allowing improved delineation of the LA wall boundary. The TI value for the DE-MRI scan was identified using a scout scan. Typical scan time for the DE-MRI study was 5 to 10 minutes depending on subject respiration and heart rate.
Utah classification of atrial remodeling and detection of atrial fibrosis
Quantification of LA remodeling was obtained using methods previously described. 14 In all DE-MRI images, the epicardial and endocardial LA borders were manually contoured with image display and analysis software in Seg3D (Scientific Computing and Imaging Institute, Salt Lake City, UT). The relative extent of contrast enhancement was quantified within the LA wall using a threshold-based algorithm based on pixel intensity distribution of healthy myocardium and nonviable myocardium, utilizing pixel intensities from normal based on a bimodal distribution with analysis using Marrek, Inc. segmentation and quantification software (Marrek, Inc., Salt Lake City, UT). Qualitative confirmation of the percent enhancement was performed for all scans using 3-dimensional visualization of the MRI performed with OsiriX 3.7.1 (Rosset, Los Angeles, CA) using a maximum intensity projection to assess contrast consistency followed by ray cast volume rendering with an opacityweighted linear table for the preablation images. Patients were assigned to one of 4 groups (Utah I to Utah IV) based on the percentage of LA wall enhancement. Utah I was defined as Յ5% LA wall enhancement, Utah II as Ͼ5% and Յ20%, Utah III as Ͼ20% and Յ35%, and Utah IV as Ͼ35%.
Pulmonary vein antrum isolation
RF ablation was performed under intracardiac echocardiography in all study patients as described previously.
15-17 A 10-F, 64-element, phased-array ultrasound catheter (AcuNav, Siemens Medical Solutions USA, Malvern, PA) was used to visualize the interatrial septum and to guide the transseptal puncture. After the transseptal punctures and for the remainder of the procedure, an infusion of heparin was maintained to achieve an activated clotting time (ACT) Ͼ350 seconds. ACT measurements were performed every 30 minutes thereafter. A circular mapping catheter (Lasso, Biosense Webster, Diamond Bar, CA) and an ablation catheter were inserted into the LA. Intracardiac echocardiography was used to define the pulmonary vein ostia, their antra, and the posterior wall, and was also used to position the circular mapping catheter and ablation catheter. All study patients underwent pulmonary vein antrum isolation (PVAI), defined as electric disconnection of the pulmonary vein antrum from the LA, together with posterior wall and septal debulking. 17 
Postablation care and follow-up
A postablation blanking period was observed for 3 months, during which all patients received an 8-week automatic trigger cardiac event monitor for assessment of early AF recurrence. Early recurrences were treated with direct current cardioversion, antiarrhythmic drugs, or both. Antiarrhythmic drugs were discontinued at the end of the blanking period, whereas other medications such as angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin-receptor blockers (ARBs) for comorbidities, e.g., hypertension or heart failure, were continued; 297 patients were seen at 3 months after ablation and at 3-month intervals thereafter. Each patient received a 12-lead ECG and an 8-day Holter monitor for detection of arrhythmia recurrence postblanking at each of these follow-up visits. Additional ECG recordings were obtained as suggested by the patients' reported symptoms through weekly telephone calls and by evaluation of ECGs sent by primary care providers. Recurrence was defined as any atrial arrhythmia sustained for longer than 30 seconds without antiarrhythmic drug treatment after the 3-month blanking period, as suggested by the Heart Rhythm Society consensus statement. 18 All ablation procedures Abbreviations as in Table 1 . Continuous measurements are presented as mean Ϯ SD. Categorical measurements are presented as number positive for the condition and percentage of the total.
were performed on therapeutic anticoagulation with warfarin. Warfarin was continued postprocedure as well to maintain an international therapeutic ratio of 2.0 to 3.0.
Statistical analysis
Normal continuous variables are presented as mean Ϯ standard deviations. A 2-sample t-test and one-way analysis of variance (ANOVA) was used to test for statistical significance and was further addressed using the Tukey-Kramer method to correct for multiple comparisons. Categorical variables are presented as number and percentage of total. Pearson chi-square or Fisher exact tests were used to assess for statistical significance. Differences were considered significant at a P value of Ͻ.05.
Results
The population reported here included 333 patients (213 male; mean age 60.2 Ϯ 13.1 years). Forty patients (30 male; 48 Ϯ 9.7 years) met criteria for lone AF, whereas 293 patients (183 male; 68.8 Ϯ 6.9 years) showed AF with comorbidities.
Noninvasive assessment of preablation structural remodeling
Four patients (10%) in the lone AF group were staged in Utah I and 26 patients (65%) in Utah II. A number of patients with lone AF showed distinctive and extensive structural remodeling, as 9 patients (22.5%) with lone AF were staged in Utah III and 1 patient (2.5%) in Utah IV. Seventeen patients (5.8%) with non-lone AF were staged in Utah I, 187 patients (63.82%) in Utah II, 67 patients (22.87%) in Utah III, and 22 patients (7.51%) in Utah IV (Table 3 ). Figure 1 shows patient examples of lone AF with less (Utah I), mild (Utah II), distinctive (Utah III), and extensive (Utah IV) SRM.
Clinical outcome after ablation
At a mean follow-up period of 324 Ϯ 234 days after ablation, 27 patients (77.14%) with lone AF remained free of AF recurrence, whereas 170 patients (64.89%) with nonlone AF stayed in stable sinus rhythm (P ϭ .150) ( Table 4 ). In detail, the success rate in patients with lone AF and Utah I was 100%, in Utah II 81.82%, in Utah III 62.5%, and in Utah IV 0%, whereas the success rate in patients with non-lone AF and Utah I was 100%, in Utah II 71.26%, in Utah III 63.49%, and in Utah IV 4.55%. Patients who suffered from recurrence showed a higher amount of fibrosis prior to ablation (13.72 Ϯ 7.39 vs. 23.30 Ϯ 14.92; P Ͻ .001), independent of AF type. Categorical measurements are presented as number positive for the condition and percentage of the total. Pearson chi-square or Fisher exact test were used to assess for statistical significance.
Comparison of lone AF and non-lone AF
Persistent AF was significantly higher in patients with nonlone AF (P Ͻ .005), whereas paroxysmal AF was significantly higher in patients with lone AF (P Ͻ .001). Gender was not a predictor for the type of AF (P ϭ .131). No significant difference was observed between the mean enhancements in the 2 study populations (14.08 Ϯ 8.94 vs. 16.94 Ϯ 11.37; P ϭ .0721). Table 5 summarizes these results. The distribution of groups Utah I to IV shows no significant differences between patients with lone AF and non-lone AF (Figure 2) . In all patients, the amount of enhancement in the LA was independent from the AF duration (R 2 ϭ .05; P ϭ NS). The mean duration of AF was 68.8 Ϯ 119.8 months in patients with lone AF, ranging from 1 month to 720 months. In patients with non-lone AF, the mean duration of AF was 68.42 Ϯ 93.63 months within the range from 1 to 528 months. There was no significant difference between the burden in patients with lone AF and non-lone AF (P ϭ .985). One hundred and thirty-two patients (45.05%) in the non-lone AF group were taking ARBs or ACEIs on presentation. The degree of LA fibrosis was similar in patients taking ARBs or ACEIs when compared with the patients not taking the drug (17.14 Ϯ 11.38 vs. 16.78 Ϯ 11.39; P ϭ .78) in the non-lone AF group.
The success rate in Utah I to IV was comparable in patients with lone AF and non-lone AF (P ϭ NS). The recurrence rate was significantly correlated to the Utah staging groups for SRM (P Ͻ .001) (Figure 3 ) and showed no difference between patients with lone AF and patients with non-lone AF (Figure 4) .
Discussion
In the present study, we show that the degree of atrial SRM detected using DE-MRI does not differ in patients with lone AF and non-lone AF. Our results indicate that an increased amount of enhancement within the LA wall is strongly associated with AF recurrence after PVAI, independent of AF type and associated comorbidities.
Structural remodeling of the LA
A recent study by Stiles et al 10 demonstrated that patients with paroxysmal lone AF, without any preceding arrhythmic event, demonstrated biatrial abnormalities, including loss of myocardial voltage and prolonged atrial refractoriness. These authors concluded that the rate of atrial remodeling could not account for all structural abnormalities found in AF patients. Similarly, prior histological studies found that patients with lone AF had increased levels of patchy LA fibrosis as compared with control subjects. 19 Our study is consistent with these prior findings, as a number of patients with lone AF displayed increased regions of LA enhancement primarily in the posterior wall of the LA. Compared with a previous study by our group that looked at healthy volunteers, 14 there was substantially more remodeling in the LA wall in patients with lone AF and non-lone AF in comparison to healthy volunteers. In our study, SRM of the LA showed no correlation to the time that AF was first diagnosed. It is improbable to reconstruct exactly how many episodes of AF, especially asymptomatic AF, that each patient has had since AF was initially diagnosed or to precisely identify how long these episodes were sustained since the onset of AF. Thus, DE-MRI seems to be the ideal noninvasive tool for classifying patients with AF. In addition, it appears that DE-MRI may be beneficial for assessing the optimal treatment in any patient with AF, regardless of AF type.
It is known that AF itself produces changes in atrial structure and function. [20] [21] [22] Allessie et al 20 concluded that short durations of AF result in less structural atrial remodeling. A recent study 23 is consistent with these findings, as patients with persistent AF compared with patients with paroxysmal AF showed more fibrosis in the LA. In our Recurrence in groups Utah I to IV. study, more patients with lone AF suffered from paroxysmal AF (episodes that generally last 7 days or less), whereas the majority of patients with non-lone AF suffered from persistent AF (episodes that last longer than 7 days).
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The rennin-angiotensin system (RAS) has been noted to play a role in AF and has been suggested by various human studies to demonstrate a beneficial effect of angiotensinconverting enzyme inhibition on atrial remodeling and fibrillation. [24] [25] [26] [27] Moreover, Boldt et al 28 reported in a study that angiotensin-converting enzyme inhibitors reduce fibrosis in patients with lone AF. In our study ARB/ACEI did not seem to have an effect on the degree of LA fibrosis. Nevertheless, further larger prospective studies are needed to better understanding of the effect of these drugs on atrial fibrosis.
Rationale for staging patients in Utah I to IV
In recent studies from our group, 14, 29 patients were classified into 3 groups: mild, moderate, and extensive enhancement. In the present study, we classified the patients into 4 groups (Utah I to IV), based on the percentage of LA wall enhancement. The hypothesis of this new classification was to find a more precise distribution for SRM staging for patients with AF. Furthermore, these recent studies demonstrated that preablation DE-MRI is an independent predictor of response to PVAI in patients with AF.
14 Our current study is consistent with these prior findings, as the recurrence rate was strongly dependent on the amount of enhancement in the LA. Furthermore, as no patients in Utah I had a recurrence, independent of the underlying type of AF, this new classification holds promise to be a more exact predictor for responders to AF ablation and may help to avoid less promising interventions.
Clinical outcome after ablation procedure
Recent studies reported a long-term success rate of 29% to 89% after RF ablation in patients with AF. [30] [31] [32] In our study, the mean success rate for patients with lone AF and nonlone AF was consistent with these findings. Certainly, the amount of patients with recurrence increased from an early stage of remodeling (Utah I) to the more progressed stage of remodeling (Utah IV) in patients with lone AF and non-lone AF. This finding indicates that SRM prior to ablative therapy can be used as a predictor for the outcome after PVAI, independent of the underlying type of AF and comorbidities.
Duration of AF
We would hypothesize that the number of years that the patient has been symptomatic for the arrhythmia might not be the crucial factor. Rather the number and length of episodes might be the more important factors, as it is known that short durations of AF result in less structural atrial remodeling 20 and agree that it would be very interesting to compare the frequency and duration of AF episodes with the structural remodeling in the LA. Understandably, it is clinically difficult to detect and record all episodes, especially the silent ones since AF was first diagnosed; however, this correlation should be considered for future studies.
Extensive structural remodeling of the LA
The phenomenon of electrical and structural remodeling is well described in patients with AF and comorbidities. 2, 33, 34 In the present study, extensive structural remodeling was proven in patients with lone AF. Our results pointed out that the amount of enhancement in the LA was independent from the AF duration, comorbidities, and underlying baseline type of AF.
Recent studies are engaged with the genetics of AF 35, 36 and have identified several genetic loci associated with typical AF. A recent study has identified an association on chromosome 1q21 to lone AF. 37 Therefore, a genetic background could be a potential cause of extensive structural remodeling in patients with lone AF. Hence, more genetic studies are necessary to understand all mechanisms in patients with lone AF.
It is known that AF is a multifactorial disease, and the pathogenesis of AF remains incompletely understood. Over the last decade, more and more factors have been shown to be related to the appearance of atrial fibrosis. One of these factors might be an inflammatory process. To our knowledge only 1 study investigated the structural changes associated with lone AF. 19 These authors reported from abnormal atrial histology in all included patients with lone AF. However, the cause of the pathological changes in that recent study, which were found only in atrial septal biopsies but not in biatrial biopsies, remained unknown in 75% of patients. This histological study found patients with lone AF had increased levels of patchy LA fibrosis as compared with control subjects. 19 Therefore, this might yet be another reason for structural remodeling in patients with lone AF, aside from those of a genetic background.
Study limitations
Only 1 lone AF patient presented with Utah IV SRM in this study. Therefore, it may be premature to appraise the overall recurrence rate in this group, although this patient did suffer from recurrence. However, recurrence rate in the Utah I, II, and III groups shows no significant difference comparing patients with lone AF and non-lone AF. Larger studies are needed to improve the outcome for lone AF patients with an extensive amount of SRM (i.e., 1 lone AF patient was classified as Utah IV) of the LA, as well as to increase the patient populations between non-lone AF and lone AF patients. In addition, the MRI operator selection of a wrong inversion time, the presence of respiratory navigator artifacts, and other MRI noise may lead to the inappropriate detection and quantification of fibrosis; in spite of this, such effects seemed to be minimal in this study because all included DE-MRIs were analyzable for segmentation and quantification.
Conclusion
The degree of LA structural remodeling and fibrosis as detected using DE-MRI is independent of the AF type and associated comorbidities. Selecting appropriate treatment candidates based on the quality and quantity of atrial fibrosis using DE-MRI would improve procedural outcome and avoid unnecessary intervention.
